Background: USP11 is an ubiquitin-specific protease that plays an important role in tumor progression via different mechanisms. However, the expression and prognostic significance of USP11 in colorectal cancer (CRC) remain unknown. Methods: Bioinformatics analyses, qRT-PCR, western blotting, and immunohistochemistry were applied for investigating USP11 expression in CRC tissues. Kaplan-Meier analysis with log-rank test was used for survival analyses. LC-MS/MS was performed for identifying potential protein interactions with USP11. In vitro and in vivo assays were used for exploring the function of USP11 during the progression of CRC. Findings: USP11 was overexpressed in CRC tissues and functioned as an oncogene. Overexpression or knockdown of USP11 promoted or inhibited, respectively, the growth and metastasis of CRC cells in vitro and in vivo. Mechanically, USP11 stabilized PPP1CA by deubiquitinating and protecting it from proteasome-mediated degradation. Moreover, the USP11/PPP1CA complex promoted CRC progression by activating the ERK/MAPK signaling pathway. Interpretation: USP11 promoted tumor growth and metastasis in CRC via the ERK/MAPK pathway by stabilizing PPP1CA, suggesting USP11 is a potential prognostic marker.
Introduction
Colorectal cancer (CRC) is the third-most common cancer and thirdleading cause of cancer-related death worldwide [1] . Advances in diagnostic detection and therapeutic strategies have led to improvements in the prognosis of CRC during the past decades [2] . However, the five-year relative survival rate of patients with distant tumor metastasis still remains at only 11.7% [3] . A lack of effective biomarkers to predict prognosis and guide therapy is one of the primary causes of poor prognosis. Accordingly, the discovery of novel metastasis-associated biomarkers and clarification of the mechanisms involved is necessary to improve the prognosis of CRC patients.
Recently, the integration of multiple cytotoxic agents and targeted therapies has improved the clinical outcomes of metastatic CRC (mCRC) [4] . Several angiogenesis-targeting agents and epidermal growth factor receptor (EGFR)-targeted antibodies have proved to be applicable in mCRC. Previous studies suggested that anti-EGFR therapy should be excluded from mCRC patients with RAS and RAF mutations, particularly in the K-RAS and B-RAF genes [4, 5] . Reportedly, RAS gene mutations are frequently associated with CRC tumorigenesis and progression [6] , and RAS proteins may activate the mitogen-activated protein kinase (MAPK) cascade in concert with RAF kinases [7] . The abnormal activation of the RAS/RAF/MAPK signal pathway may not only induce chemoresistance to anti-EGFR therapy in CRC patients, but also affect immune-targeted therapy in other cancers [8, 9] . However, the RAS gene encodes a large number of proteins with various functions; therefore, directly targeting RAS remains a challenge [7] . Accordingly, discovering oncogenes or suppressors involved in the RAS/RAF/MAPK pathways, and developing novel drugs may be the best strategy for treating mCRC and improving the prognosis of patients with advanced stage CRC.
Ubiquitination and deubiquitination are the two main types of posttranslational modification that can maintain protein homeostasis during biological process [10] . Abnormal ubiquitination or deubiquitination often results in disease. Increasing evidence indicates that deregulation of deubiquitinating enzymes (DUBs) plays significant roles in the progression of cancers [11] . Importantly, some drugs that target specific DUBs have shown good anti-tumor efficacy [12] . DUBs can be classified into different groups: ubiquitin C-terminal hydrolases, ubiquitinspecific proteases (USPs), Machado-Joseph disease protein domain proteases, ovarian tumor proteases, JAB1/MPN/MOV34 family, and the newly identified motif interacting with Ub-containing novel DUB family [13, 14] . Among these, USPs are reported to be the most common DUBs, and are involved in protein deubiquitination and regulation of RAS activity [15] [16] [17] . Ubiquitin-specific protease 11 (USP11) locates at Xp11. 23 and plays an important role in biological functions through stabilizing other proteins via deubiquitination [18, 19] . USP11 has been shown to be relevant in tumorigenesis and prognosis in many solid tumors [20] [21] [22] [23] [24] [25] . However, the expression and prognostic significance of USP11 in CRC is not well understood, and it remains unclear whether it is involved in CRC progression.
In the present study, we demonstrated that USP11 was overexpressed at both protein and mRNA levels in CRC tissues. Increased expression of USP11 promoted proliferation and metastasis of CRC cells in vitro and in vivo via PPP1CA-mediated activation of the ERK/MAPK pathway. These findings contribute to improving our understanding of the molecular classification of mCRC, and may contribute to the development of a novel therapeutic strategy for mCRC.
Materials and methods

Tissue specimens
CRC tissues and matched normal colon tissues were collected at the Shanghai General Hospital from 2013 to 2015 and used in this study. Prior to surgery, no patients received radiotherapy, chemotherapy, or other related neoadjuvant therapies. This research was approved by the Ethics Committee of Shanghai General Hospital and informed consent was obtained from all patients enrolled in the study.
Quantitative real-time polymerase chain reaction (qRT-PCR)
Total RNA was isolated from tissues and CRC cell lines using TRIzol (Invitrogen, CA, USA) according to the manufacturer's instructions. cDNA was synthesized using a reverse transcription kit (Takara, Dalian, China). GAPDH was used as an internal control to calculate relative mRNA expression levels using the comparative Ct method. All experiments were performed in triplicate.
Cell culture and stable cell line construction
CRC cell lines (SW480, SW620, CaCO2, HCT116, RKO, LoVo, HT29, and HCT8) were maintained at 37°C in a humidified incubator with 5% CO 2 .
Lentiviral preparations were generated by transiently transfecting HEK-293 T cells with psPAX2 and pMD2.G using Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol. Negative control and empty vector (EV) were used as controls.
Western blotting
Total protein from tissue samples or cells was extracted and protein concentrations were quantified using a BCA assay kit (Beyotime Biotechnology, China). Equal amounts of protein were separated using SDS-PAGE and electrophoretically transferred to PVDF membranes (Millipore). Antibodies against GAPDH (AF0006, Beyotime Biotechnology), β-actin (AF0003, Beyotime Biotechnology), and β-tubulin (10094-1-AP, Proteintech) were used as loading controls. Horseradish peroxidase (HRP)-conjugated secondary antibodies were used and the protein signals were visualized using ECL detection reagents (Millipore). Antibodies used were: USP11 (ab109232, Abcam), ERK1/2 (#4695, CST), phospho-ERK1/2 (#4370, CST), p38 (#8690, CST), p-p38 (#4511, CST), JNK (#9252, CST), p-JNK (#4668, CST), HA-tag (#3724, CST), Myc-tag (05-724,Sigma-Aldrich), Flag-tag (F3165, Millipore), PPP1CA (sc-271762, Santa Cruz Biotechnology), MEK1/2 (sc-81504, Santa Cruz Biotechnology) and p-MEK1/2 (sc-81,503, Santa Cruz Biotechnology).
Hematoxylin and eosin (H&E) staining and immunohistochemistry (IHC)
For H&E staining, the slides were dewaxed, rehydrated, stained with H&E, and dehydrated.
For IHC staining, the slides were incubated at 65°C for 45 min and then dewaxed. Next, we continued to retrieve the antigen using citrate buffer and blocking endogenous peroxidase with 3% H 2 O 2 . After nonspecific antigen blocking, the slides were incubated with antibodies overnight at 4°C. The antibody against USP11 for IHC was purchased from Abnova (PAB4191). The next day, slides were incubated with secondary antibody labeled with HRP at room temperature for 1 h. Finally, the reaction was visualized using DAB, and the slides were counterstained with hematoxylin. The IHC score was calculated according to the intensity and extent of the staining (staining intensity: negative = 0, weak = 1, moderate = 2, strong = 3, and staining extent: 0 = no staining, 1 = 0%-10%, 2 = 10%-50%, and 3 = 50%-100%). The total score was calculated as intensity score × extent score. Scores of 0-3 were considered negative expression; 4-6, weak expression; and 8-12, strong expression. IHC score was independently determined by two pathologists who were blinded to the patient characteristics.
Research in context
Evidence before this study Tumor metastasis is one of the primary causes of colorectal cancer (CRC)-related deaths. Invasion and metastasis of CRC cells involves multiple genes and processes. The discovery of novel metastasis-associated biomarkers for predicting the efficiency of treatment and prognosis of CRC is essential. Although USP11 has been reported to be involved in several kinds of tumors via different mechanisms, its role in CRC progression remains unclear.
Added values of this study
Our in vitro and in vivo studies demonstrated that USP11 promotes CRC, and the USP11/PPP1CA/MAPK axis plays an important role in CRC progression.
Implications of all the available evidence
The USP11/PPP1CA complex promotes CRC growth and metastasis, and may represent a promising potential prognostic marker.
In vitro assays
Cell proliferation was assessed using a CCK-8 kit (Cell Counting Kit-8, Dojindo) to measure cell number and viability. A total of 2000 cells per well were seeded in 96-well plates. The absorbance was determined using a spectrophotometer at 450 nm at 24, 48, 72, and 96 h. For colony formation, 1000 cells per well were seeded into six-well plates. After 2 weeks, cell clones were fixed and stained using crystal violet.
For the wound healing assay, cells were plated into six-well plates and cultured to nearly 90% confluence. A scratch was made in the cell layer using a sterile pipette tip, and the wounded cell layer was washed with phosphate-buffered saline. Cells were incubated with DMEM (Gibco, USA) and images of the wound closure were captured at 0, 24, and 48 h.
Transwell cell migration plates were used for migration and invasion assays. Cells were seeded in serum-free medium in the upper chamber, and 600 μL of DMEM supplemented with 10% FBS (Gibco, USA) was added to the lower chamber. For the invasion assay, the matrigel (Corning Cat. No. 356234) was overlaid in the upper chamber in advance. The cells were incubated for 24 h and fixed. Cells that adhered to the underside of the membrane were stained using 0.1% crystal violet and counted under microscope.
Flow cytometry was performed using an Annexin V PE apoptosis detection kit (BD Biosciences) according to the manufacturer's protocol.
In vivo assays
Animal experiments were approved by the Institutional Animal Care and Use Committee of the Shanghai Jiao Tong University School of Medicine. Procedures involving animal experiments complied with the guidelines of the Institutional Animal Care and Use Committee of Shanghai General Hospital. A total of 10 6 cells were injected subcutaneously into the right flanks of 6-week-old male nude mice (Shanghai SLAC Laboratory Animal Co., Ltd., Shanghai, China) to establish a tumor-bearing model (five mice per group). Tumor size was measured every 3 or 4 days using Vernier calipers. Tumor volume was calculated using the formula: volume = length × width 2 × 0.5. All experimental mice were euthanized after 4 weeks, and tumors were dissected and fixed in formalin.
To explore the metastatic ability, cells (10 5 /mL, 200 μL) were injected into the spleens of nude mice. All mice were sacrificed after 6 weeks. The tumor colonies in the livers were observed under a microscope using H&E staining.
Co-immunoprecipitation (IP) assays, mass spectrometry, and ubiquitination assays
Co-IP and ubiquitination assays were performed as previously described [26] . Candidate bands were subjected to mass spectrometry analysis for protein identification. Cells were treated with cycloheximide (CHX, 100 μg/ML, MedChemExpress, Cat. No. HY-12320) and/or MG-132 (15 μM, Selleck, Cat. No. S2619) for the indicated times, followed by Western blotting.
Statistics
Quantitative variables were analyzed by Student's t-test between groups. One-way ANOVA was used for multiple group comparisons. The association between USP11 expression and clinicopathological features of CRC patients was assessed by chi-square test. Log-rank test using the Kaplan-Meier method was used to assess patients' survival outcome. P b 0·05 was considered statistically significant.
Results
USP11 is overexpressed in CRC and is associated with poor prognosis
To assess expression levels of USP11 in CRC and normal tissues, we first analyzed the public mRNA data on the Oncomine platform (GSE9348). This platform adopts log2 median-centered intensity to quantify the data for subsequent analysis. We found that mRNA levels of USP11 were higher in CRC tissues (3·487 ± 0·070) compared with normal tissues (P b 0·01, Student's t-test) (Fig. 1a ). The public data available in TCGA database also showed similar results ( Fig. S1a ). We also analyzed mRNA levels of USP11 in CRC and paired non-tumor tissue obtained at our center using qPCR. We found that 66·7% (22/33) of CRC tissues showed higher USP11 levels compared with the paired adjacent tissues ( Fig. 1b ). Western blot analyses showed that USP11 protein levels were also significantly overexpressed in CRC tissues compared with adjacent normal colon mucosa ( Fig. 1c ). Moreover, IHC staining analysis was conducted to determine USP11 protein expression in tissue microarray (TMA) containing 40 cases of CRC and paired adjacent normal mucosa. The protein expression levels of USP11 were higher in CRC compared with adjacent colon tissues (Fig. 1d ). These results indicated increased expression of USP11 in CRC tissues at both mRNA and protein levels.
We further analyzed correlations between USP11 protein expression and CRC clinicopathologic features. We divided 90 CRC patients into USP11 high-expression (43.3%, 39/90) and low-expression (56.7%, 51/ 90) groups according to IHC staining. We discovered that high levels of USP11 expression were positively correlated with tumor stage, tumor T stage and M stage (P b 0·05, Pearson's chi-square test) ( Table 1) , while there was no correlation between USP11 expression and gender, age, tumor location, tumor N stage, or tumor differentiation (P N 0·05, Pearson's chi-square test). In addition, Kaplan-Meier survival analysis with log-rank testing was applied to evaluate the prognostic value of USP11 to predict survival in CRC patients, and showed that patients with high levels of USP11 protein expression had lower overall survival (OS) rates compared with those with low levels (P b 0·0001, log-rank test) ( Fig. 1e ). However, USP11 overexpression could not predict poor prognosis in early stage CRC patients ( Fig. S1b ). Furthermore, there was no significant relationship between OS rates and USP11 mRNA levels ( Fig. S1c ). We also investigated the genetic mutations of USP11 in CRC by using public data from TCGA. There were only few data regarding the mutations of USP11, what's more, USP11 mutations couldn't contribute to CRC progression ( Fig. S1d and e ). Taken together, these data indicate that USP11 overexpression may be relevant with the tumorigenesis and progression of CRC.
USP11 promotes CRC cell proliferation, migration, and invasion in vitro
To explore the underlying roles of the USP11 gene on promoting the development of CRC, we first measured USP11 expression levels in eight different CRC cell lines. Among the eight CRC cell lines, HCT116 and HCT8 cells showed the highest and lowest USP11 expression levels, respectively, at both mRNA and protein levels ( Fig. 2a ). We selected the HCT116 and HCT8 cell lines for further experiments and constructed USP11 knockdown and overexpressing cells with appropriate controls (Fig. S2a ). Interestingly, we found that the knockdown and overexpression experiments generated larger differences than those in cell lines. This may be partly due to the complicate biological functions of cells and novel experimental methods are urgent in the future. Cell Counting Kit 8 (CCK8) assay showed that USP11 knockdown significantly inhibited cell viability and proliferation in HCT116 cells compared with the control group, whereas the opposite effect was observed in USP11-overexpressing HCT8 cells (P b 0·01, Student's t-test) (Fig. 2b) . These findings were further confirmed using colony formation assays ( Fig. 2c ). Moreover, wound healing assays showed that USP11 knockdown prohibited wound closure compared with the controls. Conversely, USP11 overexpression promoted wound closure in HCT8 cells ( Fig. 2d ). Transwell migration and invasion assays also showed that USP11 knockdown or overexpression resulted in lower or higher cell migration and invasion rates, respectively, compared with the controls ( Fig. 2e and f) . Rectum  21  14  Tumor T stage  1  4  0  0·001  2  2 0  5  3  1 8  1 3  4  9  2 1  Tumor N stage  0  44  29  0·164  1  7  8  2  0  2  Tumor M stage  0  50  32  0·008  1  1  7  Tumor stage  1  22  5  0·003  2  2 1  2 1  3  7  6  4  1  7  Tumor differentiation  Well  13  6  0·427  Moderate  33  27  Poor  5  6 Pearson's chi-square test was used and P b 0·05 was considered statistically significant.
However, flow cytometry apoptosis assays showed that neither USP11 overexpression nor knockdown affected the apoptosis rate of CRC cell lines (Fig. S2b) . Similarly, the protein expression levels of cleaved-caspase3 and cleaved-PARP showed no obvious changes compared with the controls (Fig. S2c ). In summary, in vitro assays indicated that USP11 enhances CRC cell proliferation, migration, and invasion, but showed no effect on apoptosis.
USP11 enhances tumorigenesis and liver metastasis of CRC in vivo
We developed a subcutaneous xenograft model to assess the tumorigenesis ability of cancer cells in vivo as well as the effects of USP11 on proliferation and tumorigenesis. As shown in Fig. 3a , the tumor volume generated by HCT116 cells transfected with shUSP11 plasmids was smaller than that of the controls. The average tumor volume derived from USP11-overexpressing HCT8 cells grew more rapidly than that of the controls (Fig. 3b ). IHC staining showed that Ki-67 protein expression was weakened or enhanced in xenograft tumors with USP11 knockdown or overexpression, respectively, compared with the controls (Fig. 3c ). As liver is the most common distant metastatic organ in CRC patients, we injected CRC cells into the spleens of nude mice and found that USP11 knockdown or overexpression induced fewer or more metastatic nodules in the liver, respectively ( Fig. 3d and e ). These results indicate that USP11 promotes the progression of CRC by increasing CRC cell proliferation and liver metastasis in vivo.
USP11 may interact with PPP1CA
To explore how USP11 promotes the progression of CRC, we first transfected HEK293T cells with either Flag-USP11 plasmid or EV plasmid. We then used two-dimensional PAGE electrophoresis and liquid chromatography-tandem mass spectrometry (LC-MS/MS) to identify altered protein expression induced by USP11 overexpression. A total of 151 proteins were identified from 469 differential protein dots and classified according to biological function. KOG analysis showed a large proportion of post-translational modification of proteins ( Fig. 4a ). Enrichment analysis of differentially expressed proteins revealed alterations in proteasome, protein phosphatase, and MAPK pathway. These results suggested that USP11 may play a role in regulating protein phosphatase stabilization. During the altered expression of protein phosphatases, PPP1CA was shown to be involved in tumorigenesis via the MAPK pathway [27] . Therefore, we hypothesized that USP11 may promote the progression of CRC by stabilizing PPP1CA.
To test our hypothesis, we investigated the potential biochemical interrelationship between USP11 and PPP1CA. We found that USP11 knockdown reduced PPP1CA expression, while USP11 overexpression slightly increased PPP1CA expression ( Fig. 4b) . We then performed an endogenous Co-IP assay in HCT116 cells, and found high USP11 protein expression levels. The results revealed that USP11 can form a complex with PPP1CA in HCT116 cells (Fig. 4c ). Exogenous reciprocal Co-IP assays were further performed by co-transfecting Flag-USP11 and Myc-PPP1CA into 293T cells. The results showed Co-IP of Myc-PPP1CA with Flag-USP11 using an anti-Flag antibody. Similarly, Flag-USP11 was also precipitated using an anti-Myc antibody (Fig. 4d) . These findings indicated that USP11 and PPP1CA could interact both endogenously and exogenously.
USP11 stabilizes PPP1CA and protects it from degradation by proteasomes
As a member of the DUB family, USP11 is predominantly involved in the post-translational modification of proteins, and stabilizes downstream targets via deubiquitination. Therefore, we investigated whether USP11 could stabilize PPP1CA expression via deubiquitination.
We found that transfection of overexpression or knockdown of USP11 in HCT8 or HCT116 cells increased or decreased PPP1CA expression, respectively. However, knockdown or overexpression of PPP1CA did not influence USP11 protein levels (Fig. 5a ), although mRNA levels of USP11 and PPP1CA were positively correlated in CRC tissues (Fig. S3 ). Neither knockdown nor overexpression of USP11 caused significant changes in PPP1CA mRNA levels by qRT-PCR (Fig. 5b) . These findings demonstrated that USP11 regulates PPP1CA posttranslationally.
Ubiquitinaton and deubiquitination maintain the homeostasis of protein modification, and abnormal ubiquitination or deubiquitination frequently result in changes to cell biofunctions. However, it remains unclear whether USP11 could stabilize PPP1CA expression by deubiquitination. We co-transfected Myc-PPP1CA and HA-ubiquitin plasmids into 293T cells transfected with either Flag-USP11 plasmid or EV. Ubiquitination assay further revealed that USP11 overexpression significantly inhibited poly-ubiquitination of PPP1CA protein (Fig. 5c ). Conversely, knockdown of USP11 by shRNA in HCT116 cells increased the poly-ubiquitination levels of PPP1CA protein (Fig. 5d ).
To demonstrate that USP11 affected PPP1CA expression at the posttranslational level but not protein synthesis level, cycloheximide (CHX, 100 μg/mL), a protein synthesis inhibitor, was used to study the degradation rate of PPP1CA. Interestingly, knockdown or overexpression of USP11 resulted in lower or higher protein stability of PPP1CA upon adding CHX, respectively, compared with the controls (Fig. 5e and f) . These results suggested that the degradation rate of PPP1CA protein was increased or decreased due to USP11 knockdown or overexpression, respectively. As USP11 predominantly modifies protein expression at the ubiquitination level, we simultaneously treated CRC cells with CHX and the proteasome inhibitor, MG-132 (15 μM). We found that the PPP1CA degradation caused by low USP11 expression was rescued ( Fig. 5g ). Collectively, these findings suggest that USP11 could stabilize PPP1CA via deubiquitination and prevent ubiquitin-mediated proteasome degradation.
USP11 promotes MAPK signaling pathway in a PPP1CA-dependent manner
Our previous results revealed that the MAPK pathway was enriched by USP11 overexpression, and it is well known that abnormal activation of MAPK pathway plays significant roles in tumor development. To investigate whether USP11 regulates MAPK pathway activation during the progression of CRC, we further examined levels of key proteins involved in the MAPK pathway. Western blot analysis showed that knockdown of USP11 in HCT116 cells decreased protein levels of phosphorylated ERK1/2 (p-ERK1/2), but did not affect ERK1/2 levels. Conversely, overexpression of USP11 in HCT8 cells increased p-ERK1/2 protein levels. However, there were no significant changes in p38, phosphorylated p38 (p-p38), JNK, and phosphorylated JNK (p-JNK) protein levels (Fig. 6a ). Furthermore, in vivo IHC staining showed that overexpression or knockdown USP11 could also enhance or decrease p-ERK1/2 staining in xenograft tumors generated by injecting USP11 overexpression or knockdown cells. (Fig. 6b) . These results indicated that USP11 could specifically activate the ERK-dependent MAKP signaling pathway.
Next, we further explored the roles of PPP1CA in USP11-mediated ERK/MAPK pathway activation in vitro. We found that PPP1CA overexpression could partially rescue the decreased phosphorylation of ERK1/ 2 caused by transfection with the shUSP11 plasmid. Interestingly, transfection with shPPP1CA plasmids in USP11-overexpressing HCT8 cells could also partially alleviate phosphorylation of ERK1/2. Moreover, these similar results were also observed for MEK1/2 protein, which is upstream of ERK1/2. However, there were still no significant changes in p38, p-p38, JNK, and p-JNK protein levels (Fig. 6c ). Taken together, our data indicate that USP11 positively regulates the ERK/MAPK signaling pathways in a PPP1CA-dependent manner.
PPP1CA is indispensable for USP11-mediated promotion of CRC
PPP1CA is reported to be one of three catalytic subunits of protein phosphatase 1 (PP1), and has been shown to be closely related to the development of malignant tumors [27] . To investigate whether PPP1CA affects the oncogenic roles of USP11 in CRC, we used CCK-8 and transwell assays to investigate the effects of PPP1CA on USP11promoted proliferation and migration of CRC cell lines. We found that overexpression of PPP1CA could partially rescue the inhibiting effects on cell proliferation and migration via knockdown of USP11 in HCT116 cells. Conversely, knockdown of PPP1CA could also partially decrease the effects of overexpression of USP11-promoted cell proliferation and migration in HCT8 cells. Furthermore, these promoting effects on cell proliferation and migration caused by increased expression of USP11 or PPP1CA could be weakened by the ERK1/2 inhibitor, SCH772984 (Selleck, Cat. No.S7101, Fig. 7a and b) .
To further validate the effects of PPP1CA on the oncogenic role of USP11 in vivo, we transfected PPP1CA overexpressing plasmids into USP11 knockdown HCT116 cells and injected these cell subcutaneously into nude mice. Subcutaneous xenograft assays showed that overexpression of PPP1CA in HCT116 cells transfected with shUSP11 plasmids generated larger average volumes of xenograft tumors compared with the control group (Fig. 7c) . Conversely, sh-PPP1CA decreased the xenograft tumor growth caused by USP11 overexpression (Fig. 7d) . In addition, the in vivo metastatic assay also showed that PPP1CA was indispensable for the USP11-mediated promotion of CRC metastasis (e, f) Effects of USP11 on degradation of PPP1CA. HCT116-shNC/shUSP11 cells and HCT8-EV/USP11 cells were exposed to CHX (100 μg/mL) and harvested at the indicated times. PPP1CA was measured using Western blotting. (g) PPP1CA was stabilized when cells were co-treated with CHX and MG-132 (15 μM). **P b 0·01, Student's t-test. (Fig. 7e ). Thus, these findings confirm that PPP1CA is essential for USP11-mediated CRC progression.
Discussion
The development of CRC is a complex process involving multiple molecular interactions that are regulated by key genes. Studies into the regulatory mechanisms involved in these key genes may provide promising strategies for precise treatment of CRC patients. USP11, a member of ubiquitin-specific proteases, has been shown to be involved in the tumorigenesis and prognosis of many solid tumors [20] [21] [22] [23] [24] [25] . It has been reported that USP4, USP11 and USP15 are highly paralogous and have partially redundant roles in human malignancies [28] . Another study also showed that there were unique peptide ligands for USP11 which were present in neither USP4 nor USP15 [29] . Based on these findings, we hypothesized that USP11 might have some unique uncovered functions. In the present study, we found that USP11 was upregulated in CRC tissues, and high expression of USP11 predicted poor prognosis in CRC patients. We also demonstrated that overexpression of USP11 promoted proliferation and metastasis of CRC cells in vitro and in vivo, indicating that USP11 plays an important role in the development of CRC. Mechanically, we revealed that USP11 could activate the ERK/MAPK signaling pathway by deubiquitinating and stabilizing PPP1CA, resulting in the malignant development of CRC. While our study highlights the significant roles of USP11 in the progression of CRC, further research and prospective clinical studies are required to identify novel biomarkers for the diagnosis and treatment of CRC patients.
The hallmarks of cancer include sustained proliferative signaling, resistance to cell death, induced angiogenesis, replicative immortality, evasion of growth suppressors, and activation of invasion and metastasis [30] . Among these features, increased proliferation ability or apoptosis inhibition of tumor cells plays significant roles in the development of cancer. In the present study, we demonstrated that USP11 could promote the proliferation of CRC cells via CCK8 and colony formation assays in vitro and subcutaneous xenograft assay in vivo. IHC staining also suggested that Ki67, a proliferation marker, showed strong staining in response to USP11 overexpression. These findings supported our clinical discovery that USP11 expression levels were positively correlated with tumor T stage. Similarly, USP11 was reported to control the proliferative capacity of progenitor cells in human breast cancer cells [31] . However, there was no effect on apoptosis, regardless of USP11 expression levels in CRC cells. This revealed that USP11 did not facilitate the malignant progression of CRC by inhibiting apoptosis, which was different from a previous study that reported that USP11 knockdown induced apoptosis [22] . This indicates that USP11 could play different roles in different cancers, and further highlights the specificity of USP11 in tumor malignant progression and warrants further investigation.
It is widely known that the limitless multiplication of cancer cells caused by promotion of proliferation and inhibition of apoptosis leads to direct invasion, lymph node metastasis, or blood metastasis, driving the progression of cancer cells and resulting in poor prognosis. In the present study, analysis of USP11 expression and clinical features also showed that USP11 expression levels were positively correlated with tumor M stage. This suggested that USP11 promotes CRC invasion and metastasis. In vitro assays also verified that USP11 overexpression could enhance the invasive and metastasis capabilities of CRC cells, especially to the liver in vivo. Liver metastasis is the leading cause of cancer-related death among CRC patients. Approximately 25% of all CRC patients present with liver metastases at first diagnosis, and a further 15%-25% of patients who undergo radical tumor resection also experience liver metastases, resulting in poor prognosis [32] . Therefore, our findings may provide a novel biomarker for predicting of liver metastasis as well as a new therapy target. Finding novel biomarkers is the crux of precise diagnosis and treatment of CRC, and clarifying the mechanisms involved could promote translational application in clinic. Therefore, it is necessary to understand how USP11 is involved in the malignant progression of CRC as a DUB, based on analysis of clinical specimens and cell function. Maintaining a dynamic equilibrium of ubiquitination and deubiquitination is a key regulatory event during the post-translational modification of proteins. For protein ubiquitination, Ub-activating enzyme (E1), Ubconjugating enzyme (E2), and Ub ligase (E3) are involved in this sequential process, and mediate the degradation of the targeted proteins. DUBs are able to competitively bind to ubiquitin binding sites and stabilize their targeted proteins, and play significant regulatory roles in a multitude of processes from cancer to neurodegeneration [14, 17, 33] . USPs are major members of the DUB family of protein, and are involved in many types of cancer and various signaling pathways [34] . USP11, a USP family member, has been proved to stabilize p53, p21, VGLL4 and PTEN as a tumor suppressor [18, 19, 35, 36] . However, USP11 could also promote tumorgenesis by stabilizing Snail, eIF4B and cIAP2 [22, 37, 38] . The present study revealed that USP11 could promote CRC through stabilizing PPP1CA expression via deubiquitination. These findings suggested that USP11 might act as a double-edged sword in tumors. Furthermore, USP11 has never been reported to activate ERK/MAPK signaling pathway by stabilizing PPP1CA in CRC.
The PPP1CA gene encodes PP1α, an isoform of PP1 protein phosphatases specific for serine/threonine [39] . Protein phosphorylation at serine and threonine residues is ubiquitous in many cellular functions [40, 41] . The level of protein phosphorylation is tightly controlled by the interaction between protein kinases and protein phosphatases. Other previous studies have reported that PPP1CA overexpression activates the downstream MAPK pathway. Moreover, our LC-MS/MS results also indicated enrichment of the MAPK pathway via USP11 overexpression. We hypothesize that deubiquitination modification mediated by USP11 could result in PPP1CA accumulation, and further induce the activation of the downstream kinase signaling pathway.
The MAPK signaling pathway plays a key role in the regulation of cell proliferation, differentiation, apoptosis, and innate immunity in numerous biological systems [42, 43] . The MAPK signaling pathway comprises at least three sequential kinase components: MAP3K, MAP2K, and MAPK. MAP3Ks phosphorylate and activate MAP2Ks, which, in turn, phosphorylate and activate MAPKs which act to phosphorylate a diverse range of target proteins. There are several signaling markers such as JNK, p38, and ERK that play significant roles in the progression of cancers and drug resistance [43] . Interestingly, only the ERK/MAPK pathway was activated by high USP11 expression in the present study. Mechanically, the oncogene function of USP11 can be weakened by PPP1CA knockdown or ERK1/2 inhibitors. As reported, ERK1/2 is phosphorylated by MEK1/2, which is activated by RAF. The three isoforms of RAF (ARAF, BRAF, and CRAF) are activated by RAS [43] . The RAS/ RAF/MEK/ERK signaling pathway can stimulate cancer cell proliferation and metastasis in cancer development [44] . Genetic deregulation can activate the MAPK signaling pathway during the induction and progression of the tumor. RAS and RAF are frequently mutated in mCRC, resulting in the activation of MAPK pathway, which can be treated as a therapeutic target using specific inhibitors [45] . The findings of the present study contribute to the search for novel biomarkers related to the RAS/RAF/MAPK pathway, and may provide useful information regarding the best strategy for mCRC treatment and may improve the prognosis of patients with advanced stage CRC.
In summary, the present study demonstrated that USP11 activated the ERK/MAPK signaling pathway by stabilizing PPP1CA during the development of CRC. USP11 is a promising biomarker for predicting the prognosis of CRC patients, and our findings may provide a new focus for CRC therapeutic strategies. However, CRC is a malignant tumor, and its initiation and development involve complex processes that include multiple genetic changes and epigenetic modifications. Therefore, the underlying molecular mechanisms of USP11 in CRC still need to be further explored.
Supplementary data to this article can be found online at https://doi. org/10.1016/j.ebiom.2019.08.061.
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